Lung cancer is one of the most common cancers and the predominant cause of cancer-related death in the world. The low accuracy of early detection techniques and high risk of relapse greatly contribute to poor prognosis. An accurate clinical tool that can assist in diagnosis and surveillance is urgently needed. Circulating tumor DNA (ctDNA) is free DNA shed from tumor cells and isolated from peripheral blood. The genomic profiles of ctDNA have been shown to closely match those of the corresponding tumors. With the development of approaches with high sensitivity and specificity, ctDNA plays a vital role in the management of lung cancer as a result of its reproducible, non-invasive, and easy-to-obtain characteristics. However, most previous studies have focused on advanced lung cancer. Few studies have investigated ctDNA in the early stages of the disease. In this review, we focus on ctDNA obtained from patients in the early stage of lung cancer, provide a summary of the related literature to date, and describe the main approaches to ctDNA and the clinical applications.
Introduction
Lung cancer is the leading cause of cancer-related death worldwide, with an estimated 155 870 deaths in 2017 in the United States (US) alone 1 80% of these deaths were attributed to non-small cell lung cancer (NSCLC). The five-year survival rate for patients with stage IA NSCLC is as high as 70-80%, 1 while the rate is 24% for those with stage IIIA. The most effective management of lung cancer patients requires diagnosis and treatment of the disease as early as possible; however, less than 40% of lung cancers are diagnosed at a localized or regional stage, 2 contributing greatly to poor prognosis. The current strategy for lung cancer screening is low-dose computed tomography (LDCT) scanning in the high-risk population, but this is associated with several challenges. There is great interest and urgency to develop other minimally invasive methods to identify patients with lung cancer at earlier stages.
Circulating tumor DNA (ctDNA) is the subset of cellfree DNA (cfDNA) shed from tumor cells to the blood stream, and these DNA fragments contain the complete genome of primary tumor tissue. Therefore, ctDNA is theoretically a reliable surrogate for tumor tissue. Many studies have shown the feasibility of using ctDNA in the diagnosis, surveillance, treatment monitoring, and detection of resistance mechanisms in cancer patients; however, most of these studies of lung cancer have focused on advanced stage, with only a few investigating the detection and application of ctDNA in early NSCLC. In this review, we provide a summary of the related literature to date and describe the main attributes of the current analytical approaches, focusing on ctDNA derived from early NSCLC and summarizing the clinical applications of ctDNA in early-stage NSCLC.
Circulating tumor DNA consists of short fragments of double-stranded DNA of approximately 160-180 bp. 3 It is likely released from tumor cells by necrosis, apoptosis, or secretion 4 via exosomes, and thus, ctDNA contains tumorspecific sequences that harbor the somatic genomic alterations found in tumor tissue. 5 A few observational studies have found that the half-life of cfDNA (including ctDNA, circulating virus DNA, and circulating fetal DNA) in the blood stream is between 16 minutes and 2.5 hours, making ctDNA analysis a "real time" reflection of tumor burden. [6] [7] [8] Other studies have also shown that ctDNA may be cleared from the circulation via nuclease action 7 and excreted by the kidneys, while uptake and degradation by the liver and spleen may also help. 9 The amount of cfDNA in the blood stream is approximately 1.0-10 ng/mL. 3 As a subset of cfDNA, ctDNA only contributes 0.1-1%, and very little ctDNA is present in the circulation in the early stages of disease. Micro-scale and fragmentation make ctDNA extremely difficult to quantify. In 1989, Stroun et al. first reported the appearance of ctDNA in plasma of cancer patients, and in 1999, Vogelstein and Kinzler accurately identified and quantified the rare mutant fragment by digital PCR. 10, 11 Quantitative investigation of ctDNA in early-stage cancer has increased over the past decade. Overcoming all of the limitations above, technologies with a high level of analytical sensitivity and specificity have been developed, gradually making ctDNA a surrogate for tumor DNA.
Approaches to circulating tumor DNA (ctDNA)
Traditional approaches, such as Sanger sequencing, lack sensitivity and are more suitable for DNA with longer reads, which makes these methods inadequate for ctDNA analysis. 12 Currently, we have multiple highly sensitive and specific platforms for ctDNA detection mainly based on PCR or next-generation sequencing (NGS) ( Table 1) . PCR-based methods, including real-time PCR (rt-PCR), droplet digital PCR, amplification refractory mutation system (ARMS), and beads-emulsion-amplification-and-magnetics (BEAMing), are cost-effective with relatively high sensitivity and specificity but can only detect a limited number of known mutations and have difficulty identifying copy variations and gene fusions. 13 As representative of PCR-based methods, Qiagen TheraScreen and Cobas EGFR mutation detection kits for plasma have been approved as in vitro diagnostic products (IVD) in the European Union and the US/Japan, respectively. The Qiagen TheraScreen EGFR RGQ Plasma PCR Kit (Qiagen, Hilden, Germany) is based on a combination of ARMS PCR and Scorpion technology, designed for 29 mutations detection in the EGFR gene and serves as the companion diagnostic blood test for NSCLC treatment. 14 The Cobas EGFR mutation Test v2 (Roche, Basel, Switzerland) could identify 42 mutations in the EGFR gene, and can not only be used as an aid in selecting eligible NSCLC patients for EGFR-TKI therapy but also as a companion diagnostic to help identify NSCLC patients harboring a T790M mutation, the most common resistance mechanism of EGFR-TKI therapy. 15 NGS-based methods, including cancer personalized profiling by deep sequencing (CAPP-Seq), tagged-amplicon deep sequencing (TAM-Seq), and Ion Torrent sequencing, require longer turnaround times and bioinformatic expertise but have the advantage of identifying mutation hotspots without prior knowledge of the altered DNA sequence. 5, 6 Less ctDNA is shed in the blood during the early stage of lung cancer. For such low levels of ctDNA, the NGS-based methods are superior for detecting with better sensitivity. NGS, also known as high-throughput sequencing, involves massively parallel or deep sequencing where millions of DNA fragments are sequenced simultaneously and then reorganized by bioinformatic techniques. NGS captures a wider spectrum of mutations, regardless of whether the DNA sequenced is known beforehand, including substitutions, insertions, and deletions. 16 A well custom-designed 
• High sensitivity and specificity ARMS, amplification refractory mutation system; BEAMing, beads-emulsion-amplification-and-magnetics; CAPP-Seq, cancer personalized profiling by deep sequencing; COLD-PCR, co-amplification at lower denaturation temperature PCR assays; ctDNA, circulating tumor DNA; ddPCR, droplet-based digital PCR; LoD, limit of detection; MBP-QP, mutation-biased PCR and quenching probe system; ME-PCR, mutant-enriched PCR; RT-PCR, real-time PCR; TAM-Seq, tagged-amplicon deep sequencing; WIP-QP, wild inhibiting PCR and quenching probe system. panel for target sequencing can have sensitivity below 0.01%. 17 Several studies have shown the feasibility of using NGS to detect ctDNA in early-stage lung cancer. Guo 20 As shown in Table 2 , the specific accuracy values are inconsistent and different detection platforms significantly contributed to this inconsistency. Moreover, this fluctuation in sensitivity and specificity might also be a result of the inconsistency of the procedures used for blood sample collection and ctDNA extraction. Therefore, apart from utilizing more accurate technology, the development of a universal, widely recognized, and standardized workflow containing procedures ranging from sample collection to ctDNA extraction is necessary.
As for samples used for ctDNA analysis, plasma samples are preferable. 28 The overall quantity of cfDNA in serum is 2-fold to 24-fold higher than in plasma, mainly because extensive contamination of DNA released from lysed immune cells occurs during the clotting process. 29 Thus, using plasma samples can exclude the contamination from cells during the clotting process, yielding lower background levels (wild-type DNA). Plasma has been proven to be a superior source of ctDNA.
Clinical applications of ctDNA
With the available technologies, the potential for integrating ctDNA detection into lung cancer management is increasing. High concordance between ctDNA and tumor DNA plays a fundamental role in the application of ctDNA. Jing et al. obtained 22 serum samples from 24 fresh frozen tissue EGFR mutations in positive NSCLC patients and showed 91.67% concordance. 24 Guo et al. also demonstrated rather high concordance at 78.1% using samples collected from 41 NSCLC patients. 18 Analysis of ctDNA can be applied in early diagnosis and can be used to assess the response to treatment, monitor tumor burden, identify drug resistance, and detect relapse.
Early diagnosis
Most lung cancers are found at an advanced stage, contributing greatly to poor prognosis. Diagnosing cancer at an earlier stage may allow earlier intervention and lead to better prognosis. The current strategy for lung cancer screening is LDCT in high-risk populations; this technique is widely used but is relatively crude because of its unstable predictive value. 30, 31 Moreover, regular imaging can be expensive and exposes patients to radiation. In clinical practice, tumor biomarkers, including CEA, CA 19-9, CA 125, CK 19 fragment, and neuron-specific enolase, are often used to complement diagnosis or surveillance of patients with lung cancer. However, this traditional method has been questioned for its low sensitivity and specificity. Thus, there is great interest in using ctDNA for early diagnosis in lung cancer. Several interventional studies have demonstrated this potential. Chen et al. compared the predictive value between ctDNA and conventional tumor biomarkers, including 76 lung cancer patients whose plasma was obtained before surgery for ctDNA and tumor biomarker detection, 38 of whom were stage I. 32 They found that more cancer patients were positive as assayed by ctDNA (63.2%) than those assayed by serum tumor biomarkers (49.3%). Another 41 patients with solitary pulmonary nodules (SPN) found by CT were included, and no patients with benign lesions were positive for ctDNA detection, indicating a high specificity to predict the malignancy of SPN by ctDNA detection. Another study performed by Guo et al. analyzed 41 patients' (including 23 stage I patients) pre-surgery plasma for the presence of ctDNA and the following tumor biomarkers: CEA, CA 19-9, CA 125, CK19 fragment, neuron-specific enolase, and squamous cell carcinoma antigen. 18 The results revealed a higher detection rate and higher positive predictive value for lung cancer detected by ctDNA; 13 samples were positive for CYFRA 21-1, 6 were positive for both NSE and CEA, 6 were positive for squamous cell carcinoma, and 2 were positive for CA 19-9 and CA 125. In contrast, 18 of these 34 plasma samples were positive by ctDNA detection. Both of these studies focused on early-stage lung cancer, and more than half of the recruited patients were stage I, showing the potential use of ctDNA for the early diagnosis of lung cancer. However, another study published in Nature found less encouraging results: Swanton et al. selected 100 patients from the TRACERx (TRAcking non-small cell lung cancer evolution through therapy [Rx]) cohort and conducted a phylogenetic approach to ctDNA profiling in early-stage NSCLC. 20 A total sensitivity of 48% (46 in 96) was found, and after combining with pathology data, they revealed that ctDNA detection may be associated with histological subtype: 97% (30 in 31) of lung squamous cell carcinomas and 71% (5 in 7) of other NSCLC subtypes were ctDNApositive, compared with 19% (11 in 58) of lung adenocarcinomas. Thus, ctDNA alone may not be sufficient to diagnose lung cancer at an early stage and a multimarker approach may offer a more comprehensive insight into patients with cancer.
Beyond lung cancer, Cohen et al. designed a PCR-based assay to detect KRAS mutations in plasma from pancreatic ductal adenocarcinoma (PDAC), enrolling 221 patients with resectable PDAC and 182 patients without known cancer as a control. After combining the KRAS gene status and protein biomarkers for early PDAC diagnosis, they showed increased sensitivity (64%) and notably high specificity (99.5%) of a blood test for early stage pancreatic cancers. 33 Furthermore, the most recent study published in Science applied a "universal" liquid biopsy named Cancer-SEEK. 34 Using a combination of eight proteins and 16 genes, the research team successfully identified most cases (median sensitivity of 70%) in 1005 patients with eight different types of non-metastatic, clinically detected cancers, including some lethal types, such as pancreatic and liver cancer, that currently have serious defects in screening tests. When CancerSEEK was applied to 812 healthy controls, only 7 scored positive, revealing high specificity of > 99%. Supervised machine learning was also used, and in 626 cancer patients that scored positive in the CancerSEEK test, the origin of the cancer was localized to two anatomic sites in a median of 83% of these patients. The whole test can be performed at relatively low cost, estimated at < $500; however, the CancerSEEK test still has a few limitations, as most of the identified cases were stage II or III. For truly early diagnosis of stage I cancer, we still have a long way to go.
Epigenetic analysis for the detection of aberrant methylation in ctDNA may also provide more information about the tumor microenvironment, which usually lacks somatic mutations. Xu et al. compared hepatocellular carcinoma (HCC) tissue and normal blood leukocytes to successfully identify a HCC-specific methylation marker panel and showed highly correlated methylation profiles between HCC tumor DNA and matched plasma ctDNA. 35 Using the methylation marker panel, they detected cfDNA samples from a large cohort of 1098 HCC patients and 835 normal controls and achieved impressive sensitivity (85.7%) and specificity (94.3%). In the field of lung cancer, merely enhancing the detected number of amplicons within ctDNA to increase the positive rate in early diagnosis has not been successful, thus combining different cancer biomarkers such as protein or genetic biomarkers, microRNAs, metabolites, or methylated ctDNA is highly desirable and could further improve diagnostic efficiency.
Monitoring treatment response
In early-stage lung cancer patients, first-line therapies include surgery, radiotherapy, adjuvant and/or neoadjuvant chemotherapy, or combined approaches. Current routine methods to monitor treatment response involve chest CT and assessment of tumor biomarkers, which are conducted at a minimum of three-month intervals. However, because no targeted lesion exists after radical surgery, it is difficult to evaluate the effectiveness of postoperative chemotherapy and/or radiotherapy, and necessary intervention may not be performed in time, in addition to the radiation exposure and low sensitivity. Repeat ctDNA samples can easily be obtained to assess the response to treatment and disease progression, as described in several studies. Guo et al. investigated plasma ctDNA mutation frequencies before and after surgery among 23 stage I NSCLC patients across all genes with mutations, where the average plasma ctDNA mutation frequency before surgery was 8.88% and the average post-surgery frequency was 0.28%. 18 In this study, 91.7% of the identified plasma ctDNA mutations decreased in mutation frequency during the period from before to after surgery, and this dramatic decrease can be observed in as little as two days after surgery. Similarly, Chen et al. investigated the mutation frequency of somatic mutations detected in plasma ctDNA pre-surgery, intra-surgery, and post-surgery, showing that ctDNA samples obtained before and during surgery had the same mutations with a low variance in mutation frequency, which reduced sharply to an average of 0.28% after surgery. 32 Another study conducted by Newman et al. using CAPP-Seq analyzed plasma ctDNA from three patients with advanced NSCLC undergoing distinct therapies revealed a decrease in ctDNA concentration, a reflection of the good response to radiotherapy and chemotherapy. 36 They also reported that for stage IB NSCLC treated with stereotactic ablative radiotherapy, the plasma ctDNA concentration showed a significant decrease from pre-treatment to post-treatment. Using ctDNA to evaluate the response to therapy seems possible, even for early-stage lung cancer. However, different studies applied different experimental methods, and there are insufficient data to indicate the exact time to obtain the post-treatment plasma sample. Clinical implementation will only be achievable in the context of defining standardized procedures and performing larger validation studies. 37 
Detection of minimal residual disease
Survival rates after radical resection of early-stage NSCLC are poor, with a 20-40% recurrence rate. 20 Because accurate prediction of prognosis with the available clinical pathological characteristics is insufficient, many attempts have been made to explore biomarkers that could provide prognostic information. However, this approach has been very challenging -studies that yielded certain prognostic signatures seldom overlap with others, with methods that might not be transferable to real life clinical situations. Some studies have indicated that analysis of ctDNA may revolutionize the detection of minimal residual disease. Using CAPP-Seq, Newman et al. longitudinally monitored ctDNA in stage IB lung cancer with stereotactic ablative radiotherapy treatment. 36 Although the initial surveillance positron emission tomography-CT scan showed a residual mass, after 21 months of follow-up the patient remained free of disease, showing concordance with the ctDNA detection result; the residual mass detected postradiotherapy was considered inflammation. A recent study by Abbosh et al. used multiplex PCR coupled with NGS to detect ctDNA as a predictive biomarker of post-operative tumor recurrence in patients with early-stage NSCLC, conducted under the auspices of the TRACERx clinical trial. 20, 38 The patients were followed up every three months for the first two years following study enrolment and every six months thereafter with clinical assessment and chest radiographs. ctDNA was detected in 13 of 14 relapse cases at an average of 70 days prior to clinical confirmation by CT imaging. Moreover, ctDNA was detected in 1 of 10 relapse cases with no clinical evidence. This study verified the feasibility of longitudinal monitoring of ctDNA for tumor relapse in early-stage lung cancer. Chaudhuri et al.
applied CAPP-Seq to analyze ctDNA from 40 patients treated with curative intent for stage I-III lung cancer (including 7 stage I), and found that ctDNA was detectable in the first post-treatment blood sample in 94% of evaluable patients experiencing recurrence. 38 Longitudinal monitoring showed post-treatment ctDNA detection preceded radiographic progression in 72% of patients by a median of 5.2 months. CtDNA has already exhibited the potential for identifying early relapse, but this application is presently limited by cost and the sensitivity of current ctDNA platforms. 39 
Potential applications for clinical research
Data from a recently published study suggested TKI as a potential treatment option for adjuvant therapy. 40 However, the value of the results of this study is controversial. 41 None of the trials of TKI adjuvant therapy indicated positive data for overall survival. 40, 42 Further adjuvant TKI trials should clearly define the start time and duration of TKI treatment in selected patients to maximize therapeutic effect. To achieve this process, a method to assess dynamic changes in plasma ctDNA is required.
Similarly, diverse outcomes of trials of neoadjuvant targeted treatment suggest limitations of gene detection by tumor tissue. 43, 44 High-level intra-tumor heterogeneity in small tumors sampled by puncture limits the identification of gene mutation status. 45 A new round of clinical trials may be more reliable and practical for guiding TKI neoadjuvant treatment based on data obtained from plasma ctDNA.
Conclusion
Within the decades following the initial discovery of ctDNA, we have gained a deeper understanding of the biological nature of ctDNA. As detection platforms with increasing sensitivity have been developed, ctDNA has begun to play a more vital role in the management of lung cancer. Because of its repeat, non-invasive, and easy-toobtain characteristics, ctDNA has been proven by many studies to have huge potential for various clinical applications, including early diagnosis, assessing response to treatment, monitoring tumor burden, and identifying drug resistance and early detection of relapse. For early-stage NSCLC, several studies have confirmed the feasibility of ctDNA to represent the genotype of tumor DNA and gradually some researchers have begun to investigate its clinical applications. There still are many challenges to face before taking ctDNA into clinical practice. Standardized protocols and widely recognized workflows should be used to assay ctDNA. More biological information on ctDNA needs to be obtained to provide a theoretical basis for application, as there is no consistent procedure to use ctDNA to assess the response to therapy. In addition, more sensitive ctDNA detection platforms need to be developed, and the cost needs to be controlled. Undoubtedly, this technology will continue to evolve and will become part of the treatment routine involved in precision therapy of lung cancer in the near future.
